Analyzing mouse tumor models in vivo, human T cells ex vivo, and human lung cancer samples, we provide direct evidence that NR2F6 acts as an immune checkpoint. Genetic ablation of Nr2f6, particularly in combination with established cancer immune checkpoint blockade, efficiently delays tumor progression and improves survival in experimental mouse models. The target genes deregulated in intratumoral T lymphocytes upon genetic ablation of Nr2f6 alone or together with PD-L1 blockade reveal multiple advantageous transcriptional alterations. Acute Nr2f6 silencing in both mouse and human T cells induces hyperresponsiveness that establishes a non-redundant T-cell-inhibitory function of NR2F6. NR2F6 protein expression in T-cell-infiltrating human NSCLC is upregulated in 54% of the cases (n = 303) and significantly correlates with PD-1 and CTLA-4 expression. Our data define NR2F6 as an intracellular immune checkpoint that suppresses adaptive anti-cancer immune responses and set the stage for clinical validation of targeting NR2F6 for next-generation immuno-oncological regimens.
D ysfunction of appropriate immune responses is a crucial event in cancer development and progression. The development of immuno-oncological therapies is likely to revolutionize cancer care in the future [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Particularly, antibodies blocking cell surface immune system inhibitory receptors, such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and programmed cell death-1 and its ligand-1 (PD-1)/(PD-L1), referred to as "immune checkpoints", have been approved for many cancer types including melanoma, non-small cell lung cancer (NSCLC), urothelial cancer and Hodgkin's Lymphoma [11] [12] [13] [14] [15] [16] [17] . In addition, adoptive T-cell transfer and cancer vaccines are also providing more encouraging results, especially when combined with antibodies antagonizing the above-mentioned immune checkpoints [18] [19] [20] . Even though encouraging, the percentage of patients profiting from these therapies is limited, highlighting the need to further improve immune-activating therapy concepts. Particularly, the identification and validation of alternative and potentially additive or even synergistic immune checkpoint candidates is envisioned to improve immunotherapies and extend their benefits to a larger number of cancer patients.
Pursuing this vision, we considered it reasonable to explore the checkpoints that might be located inside the immune cells, besides those present on the cell surface, and might be suitable targets for future cancer drugs. Following this line of argumentation, we demonstrated the crucial role of the lymphocyte-intrinsic orphan nuclear receptor NR2F6 (Nuclear receptor subfamily 2, group F, member 6; alias Ear2 and COUP-TFIII) as an intracellular checkpoint candidate fine-tuning adaptive immunity. NR2F6 induced an anti-inflammatory signal in the T-cell compartment. Consistent with this observation, Nr2f6-deficient mice spontaneously developed a late-onset autoimmune-type phenotype and were hypersusceptible to induction of experimental neuroinflammation 21 . Mechanistically, NR2F6 acts as an essential signaling intermediate and sets the threshold of T-cell effector functions by acting as a transcriptional repressor that directly antagonizes the DNA accessibility of activation-induced NFAT/AP-1 transcription factors at key cytokine gene loci such as Il2 and Ifng 22 .
Recently, it has been shown that the genetic elimination of NR2F6 improves intratumoral CD4 + and CD8 + T-cell infiltration as well as effector functions at the tumor site in transplantable B16-OVA mouse tumor model systems 23 . Importantly, these tumor growth effects depend primarily on NR2F6 function in both CD4 + and CD8 + effector (but not regulatory) T-cell subsets. However, a rigorous assessment of the physiological relevance of NR2F6 function in clinically relevant mouse cancer model systems as well as in human T-cell biology has not yet been carried out. Employing methylcholanthrene (MCA)-induced sarcoma as well as MC38 colon adenocarcinoma model systems and human NR2F6 knockdown T-cell cultures as well as analyzing tumor-infiltrating lymphocytes (TIL) in human NSCLC biopsy samples, we here provide strong pre-clinical evidence that upregulation of NR2F6 at the tumor site renders effector T cells incapable of mounting sufficient anti-cancer immune response. Most importantly, combined genetic ablation of NR2F6 with the established PD-L1 checkpoint blockade is strongly synergistic. Furthermore, these clear anti-tumor immune responses in the Nr2f6 −/− therapy groups were not accompanied by any signs of immune-related adverse events (irAE). Thus, our study sets the stage for future clinical validation of NR2F6 targeting as a mechanistically independent and potentially synergistic option to improve the efficacy of immuno-oncology therapies.
Results
Loss of NR2F6 function augments tumor rejection. Nr2f6-deficient mice were significantly more resistant to development of MCA-induced sarcoma than wild-type mice (Fig. 1a) and exhibited reduced tumor growth during challenge with a primary sarcoma cell line derived from MCA-treated wild-type mice (Fig. 1b, c) . Intratumoral immune cells in the MCA sarcoma model contained more abundant CD45 + and CD3 + lymphocytes in Nr2f6 −/− versus wild-type Nr2f6 +/+ mice (Fig. 1d, e) . The CD3 + pool of TILs from these tumors showed no preference for the CD4 + or the CD8 + population ( Supplementary Fig. 1H, I ). In addition to the spontaneous MCA tumor model, we challenged wild-type and Nr2f6-deficient mice subcutaneously with the transplantable colon adenocarcinoma cell line MC38 and observed decreased tumor outgrowth (Fig. 1f) and a significant survival benefit (Fig. 1g) in Nr2f6 −/− mice. These results firmly establish that the genetic ablation of Nr2f6 improves immunemediated tumor control, finally resulting in a striking benefit in these advanced mouse models relevant to clinical cancer.
Of note, the augmented anti-tumor immune response in Nr2f6 −/− mice were linked to a markedly higher PD-1 and PD-L1 expression on CD8 + and CD4 + T-cell subsets in vitro when compared to wild-type animals ( Supplementary Fig. 1A-D) , suggesting a potential resistance mechanism via upregulation of T-cell exhaustion markers. Interestingly, PD-L1 expression was increased not only in CD45 + leukocytes ( Supplementary Fig. 1F ) but also in CD45 − cells ( Supplementary Fig. 1E ) when comparing wild-type and Nr2f6-deficient B16-OVA tumor-bearing mice on d14 after tumor challenge, suggesting that loss of NR2F6 in T cells overcomes even high expression of these well-known immune-suppressive checkpoint receptors. In order to exclude "emergency" granulo-monocytopoesis as a main or contributing factor to the enhanced tumor rejection in Nr2f6-deficient mice, hematopoietic stem cells, myeloid progenitor cells and myeloid cells within the bone marrow were investigated following tumor induction. In line with this observation also no differences between wild-type and Nr2f6-deficient myeloid cells such as neutrophils (CD45 + Ly-6G + CD11b + ), eosinophils (CD45 + Ly-6G − SSC hi ) or monocytes (CD45 + Ly-6G − CD11b + ), within latter population divided into CD115 + Ly-6C lo and CD115 + Ly-6C hi cells, were observed ( Supplementary Fig. 1J, K) . Together, in Nr2f6-deficient tumor-bearing mice, no significant differences in the frequency or number in either of these innate immune cell populations could be detected on day 14.
Genetic ablation of NR2F6 augments PD-L1 blockade therapy. Based on these findings, we next studied immunotherapy regimens targeting different checkpoints concomitantly. Challenging Nr2f6 +/+ and Nr2f6 −/− mice with a high tumor load of 5×10 5 B16-OVA or 7.5×10 5 MC38 colon carcinoma cells, all wild-type mice receiving control IgG injections rapidly developed tumors and had to be sacrificed due to ethical reasons at the latest by d21 post injection. In line with our previous results, tumor outgrowth in IgG2b-treated control group of Nr2f6 −/− mice was significantly delayed even with this high tumor load and was well comparable to the benefit of blocking the interaction of PD-1 with its ligand PD-L1 in vivo in wild-type mice ( Fig. 2a−d) . As a remarkable result, however, a clear synergistic benefit of PD-L1 blocking in Nr2f6 −/− mice could be observed. This combination therapy was clearly more potent than targeting a single immune checkpoint and even led to rejection of tumors upon challenge with such very high tumor cell numbers of both the B16-OVA (Fig. 2a, b) as well as the MC38 mouse tumor cell line (Fig. 2c, d and Supplementary Fig. 2A−E) . Of note, immune infiltration analyses in vivo of the Nr2f6 knockout group in those high-dose tumors models, in principle, recapitulated the situation of the low dose model (see Supplementary Fig. 3A, B) . This provides strong preclinical evidence that NR2F6 and PD-1 signaling may act together as "threshold regulators" in host-protective tumor immunity. Despite the dramatically improved clinical outcome in Nr2f6 −/− tumor-bearing mice subjected to PD-L1 blocking (combinatorial NR2F6/PD-L1 inhibition group) when directly compared to wild-type mice under mono-therapy, no exacerbated signs of irAE were observed during a follow-up period of 3 months (Table 1) . We did not see any significant differences in immune cell infiltrates, colon length or weight gain after anti-PD-L1 treatment in Nr2f6-deficient mice, when compared to wildtype mice similarly treated (unpaired Student's t-test). To evaluate the contribution of CD4 + and CD8 + T cells to the observed decreased tumor outgrowth, we challenged Nr2f6 −/− subcutaneously with 1×10 5 B16-OVA melanoma cells and treated them with CD4 + and CD8 + depleting antibodies. We could show a significantly enhanced tumor outgrowth in Nr2f6 −/− mice treated with a combination of CD4 + and CD8 + depleting antibodies when compared to the IgG2b-treated Nr2f6 −/− control group ( Supplementary Fig. 2F ).
Taken together, genetic NR2F6 ablation acts as a "sensitizer" that allows improved therapeutic activity of the clinically approved PD-1/PD-L1 axis blockade in experimental mouse tumor model systems. Hence, releasing the inhibition imposed by NR2F6 appears to be a suitable strategy to vastly enhance efficacy of cancer immunotherapy. Coinhibition of NR2F6 and PD-1 alters gene signatures of TIL. It has been shown that NR2F6-mediated transcriptional repression of key cytokine gene loci such as Ifng and Il2 contributes to an immune suppressed state of tumor antigen-specific effector T cells at the tumor site 23 . However, the specific target genes of NR2F6 on a systemic level remained undefined. It was thus mandatory to further investigate the network of critical target genes suppressed and/or activated by Nr2f6 gene induction within the tumor microenvironment (TME). In order to determine the transcriptional signatures of the observed superior cancer immune response associated with genetic Nr2f6 inhibition, alone and particularly in combination with the established PD-1/PD-L1 axis blocking, we next examined the network of critical target genes in CD3 + TILs, employing a stratified CD45 + /CD3 + sorting strategy. As expected, tumor growth in Nr2f6 −/− mice was significantly reduced (Supplementary Fig. 3A ) and tumors exhibited significantly increased numbers of tumor-infiltrating CD45 + CD3 + T cells when compared to wild-type animals, calculated at the level of total numbers on a tumor size basis (Supplementary Fig. 3B ). RNA sequencing (RNAseq) analysis of TILs derived from wild-type and Nr2f6 −/− tumor-bearing mice collected at d14 after B16-OVA tumor cell injection clearly demonstrated that the NR2F6-and PD-1-mediated immune-suppressive pathways are mechanistically distinct (Fig. 3a) . Further, the control IgG2b-treated or PD-L1 mono-therapy groups were distinctly different with respect to gene expression programs ( Supplementary Fig. 3D-F) . Simultaneous genetic ablation of NR2F6 and PD-1/PD-L1 interaction blockade significantly affected multiple gene ontology terms analyzed by ClueGO (Supplementary Table 1 -6) . Detailed analysis of differentially expressed genes with respect to overrepresented GO terms showed upregulation of several immune processes related to adaptive immune activation responses such as cell-mediated cytotoxicity, IFNγ signaling, T-cell receptor signaling and TNF signaling pathways (Fig. 3b, c and Supplementary Table 1 -6) . Processes related to nucleosome assembly or RNA transport were downregulated (Fig. 3d) . Furthermore, gene set enrichment analysis showed enrichment of genes associated with T cells in general and Th1 cells in particular (Fig. 3e) in Nr2f6 −/− tumor-bearing mice treated with the anti-PD-L1. Several gene signatures known to be favorable for T-cellmediated tumor rejection (Fig. 3f) were also found to be 
Fig . 2 Gene ablation of NR2F6 acts as "sensitizer" for the established immune checkpoint blockade in mouse tumor models in vivo. a Tumor growth curve (p<0.0001, ANOVA, n = 9) and b Kaplan−Meier survival curve (p<0.0001, log-rank test, n = 9) of Nr2f6 +/+ and Nr2f6 −/− mice that received the high dose of 5×10 5 B16-OVA tumor cells subcutaneously and were treated either with "mono-therapies" of genetic Nr2f6 inhibition (green, IgG2b) or PD-L1 blockade in wild-type mice (dashed black, employing the established Ab10F.9G2) or treated with a "combination therapy" (red) (n = 8). c Tumor growth (p < 0.0001, ANOVA) and d Kaplan−Meier survival curves (p = 0.0031, log-rank test) of Nr2f6 +/+ and Nr2f6 −/− mice that received the high dose of 7.5×10 5 MC38 tumor cells subcutaneously and were treated either with "mono-therapies" of genetic Nr2f6 inhibition (green, IgG2b isotype control, n = 7) or PD-L1 blockade in wild-type mice (dashed black, n = 10, the latter employing the established protocol with neutralizing Ab10F.9G2) or with a "combination therapy" (red, n = 12) (wild-type IgG2b control group, black, n = 5). Results shown are derived from at least two independent experiments. Error bars represent the mean ± SEM deregulated in CD3 + TILs from tumor-bearing Nr2f6-deficient mice additionally treated with anti-PD-L1. In order to proof the in silico analysis of a deregulated lymphocyte activation and metabolic function, we investigated the extracellular acidification mirroring the pH of sorted CD3 + T cells in vitro and were able to observe a significant higher acidification in the media of Nr2f6-deficient T cells reasoning a higher metabolic rate of lymphocytes ( Supplementary Fig. 3C ). Taken together, targeting the NR2F6 pathway is a mechanistically independent option in cancer treatment regimens and identifies a candidate role of the orphan nuclear receptor NR2F6 in governing effector T-cell function relevant for cancer cell rejection.
Heterozygous Nr2f6 +/− mice similarly demonstrate the benefit. To evaluate the effect of partial versus complete Nr2f6-deficiency on tumor growth suppression, we injected wild-type Nr2f6 +/+ , heterozygous Nr2f6 +/− and knockout Nr2f6 −/− mice with either B16-OVA or MC38 tumor cells and monitored tumor growth. Comparable to the Nr2f6 −/− mice, tumor progression was also significantly slower and overall tumor masses smaller in heterozygous Nr2f6 +/− mice (Fig. 4a, c) . Heterozygous Nr2f6 +/− mice showed significant better survival after tumor challenge with both B16 and MC38 cell lines similar to homozygous Nr2f6 −/− mice ( Fig. 4b, d) . Similarly, the treatment of MC38 tumor-bearing heterozygous Nr2f6 +/− mice with αPD-L1 is as effective as in knockout mice (Fig. 4e) . Infiltrate analyses of tumor-bearing heterozygote animals also demonstrate enhanced numbers of CD45 + cells. Haplo-insufficiency of the Nr2f6 gene function in vivo is shown by the fact that one deficient allele of the Nr2f6 gene was sufficient to increase the immune system's efficacy to counteract tumor outgrowth. Investigation of cytokine and proliferation responses of isolated CD4 + (Fig. 4f ) and CD8 + (Fig. 4g ) T cells in vitro, albeit only in part, confirmed a functional effect of haplo-insufficiency of the Nr2f6 gene.
Acute Nr2f6 inhibition is sufficient for hyper-responsiveness. As previously reported, both murine CD3 + effector T cells (but importantly not regulatory T cells 23 Of note, although the NR2F family consists of three orphan receptors (designated as NR2F1, NR2F2 and NR2F6), only NR2F2 and NR2F6 were found to be expressed in primary human T cells ( Supplementary Fig. 5A , B). Within the NR2F family, NR2F6 has an isotype-selective role in immune cells as is shown by strongly enhanced expression of NR2F6 (but not NR2F2) upon CD3/CD28-induced human T-cell stimulation. Human NR2F6 mRNA expression levels increased after CD3/CD28 stimulation, reaching levels of up to a fivefold (for CD4 + T cells) or up to a tenfold (for CD8 + T cells) augmentation ( Supplementary  Fig. 5A ,B). Additionally, no compensatory upregulation of NR2F2 mRNA as a consequence of NR2F6 siRNA-mediated silencing was observed ( Supplementary Fig. 5C , D). Finally, in contrast to NR2F6, siRNA-mediated human NR2F2 silencing did not induce any augmented IFNγ and IL-2 responses (Supplementary Fig. 5E ). Ex vivo siRNA-mediated Nr2f6 silencing and stimulation of murine CD8 + T cells showed elevated IFNγ and IL-2 responses measured by qRT-PCR ( Supplementary Fig. 5F ) and FACS analysis ( Supplementary Fig. 5G ) detectable up to 7 days after transfection.
Taken together, siRNA-mediated Nr2f6 silencing as a single negative regulator of T-cell signaling augments immune activity Table 1 Immune-related adverse events (irAE) of MC38-tumor-bearing mouse treatment groups T cells of tumor tissue from NSCLC patients compared to PBMCs (Fig. 6c) . However, expression levels of NR2F6 in TILs were not linked to overall survival in the examined patients. This also includes the high (>3-4) NR2F6 expression group (Fig. 6d) . Notably, however, the number of NR2F6-expressing TILs was highly correlated to the abundance of PD-1 and CTLA-4-expressing TIL as well as PD-L1 expression on tumor cells (Fig. 6e, Supplementary Fig. 6 ). These data suggest a potential rationale for combined targeting of NR2F6 and PD-L1/PD-1 in human cancer and may hint at a specific immunological fingerprint helping to select or stratify patients for the most appropriate immune-activating therapeutic strategy. Taken together, NR2F6 expression in TILs of NSCLC may be linked to T-cell dysfunction/exhaustion phenotype that supports its potential suitability as an additive or even synergistic target for immune-activating strategies to be combined with established checkpoint blockade.
Discussion
The challenge in the field of cancer immunology is to discover the most suitable targets as well as their best combinations for therapeutic intervention. In this study we provide evidence for an essential and non-redundant role of NR2F6 in critically antagonizing anti-cancer effector T-cell responses. We made the remarkable observation that loss of NR2F6 enhances the activity of established PD-L1 checkpoint blockade to promote tumor regression and increased survival in subcutaneous tumor models. The synergistic therapy outcome indicates that NR2F6 blocking is a mechanistically independent option and indicates that inhibitory targeting of NR2F6 may provide novel immunotherapeutic avenues to enhance T-cell checkpoint immunotherapy. Importantly, despite the dramatically improved clinical outcome in Nr2f6 −/− tumor-bearing mice, no exacerbated signs of irAE were observed in the combinatorial NR2F6/PD-L1 targeting group when directly compared to the mono-therapy mice, suggesting that major side effects might not hamper the therapeutic potential of this combinatorial approach.
Nuclear receptors are transcription factors that have been shown to be essential for both pro-and anti-inflammatory T-cell responses 24, 25 . Of note, nuclear receptors generally regulate gene expression in response to the binding of lipophilic ligands and thus, the nuclear receptor family has a strong history of successful drug discovery [26] [27] [28] . There is as yet no valid information about endogenous ligands for several human nuclear receptors including NR2F6 29, 30 . However, although the NR2F family members are classified as orphan receptors, their ligand-binding domain (LBD) is both evolutionarily conserved and functionally indispensable for its transcriptional activity 22, 31 . Mutations within the LBD of NR2F6, reducing the size of the ligand-binding pocket or disrupting co-repressor interactions, have shown to significantly reduce its transcriptional repressor function 22 , indicating that endogenous ligands for NR2F6 may exist and presumably modulate NR2F6 function.
Along this line of argumentation, intriguingly, even heterozygous Nr2f6 +/− mice exhibited the same ability to delay tumor outgrowth of implanted B16-OVA and MC38 tumors as Nr2f6 knockout mice. Because complete Nr2f6 deficiency, as in homozygous knockout mouse models, hardly represents the physiological level of inhibition that can be reached during clinical regimens, this observed haplo-insufficiency of the Nr2f6 gene function in vivo further supports the suitability of NR2F6 as a target for cancer immunotherapy. Thus, not only complete but also partial (50%) NR2F6 deficiency, the latter representing a fairly realistic scenario of therapeutic inhibition, is sufficient to strengthen anti-tumor immunity. In agreement with these observations, acute Nr2f6 gene silencing in both mouse and human T cells induced hyper-responsiveness, firmly validating a non-redundant T-cell inhibitory function of NR2F6.
Because T lymphocyte-intrinsic NR2F6 acts as a potent and selective repressor of effective cancer immunity, NR2F6 appears to represent a crucial regulator of cancer immune tolerance induction and maintenance. Mechanistically, as examined by RNA sequencing of TILs derived from tumor-bearing mice, NR2F6 appears to set the threshold of T-cell effector functions as transcriptional regulator of critical target genes shaping activation, recruitment, proliferation and homeostasis of tumorantigen-specific T-cell responses.
It has been shown that T cells in the TME frequently express high levels of inhibitory receptors as a sign of T-cell exhaustion, including PD-1, CTLA-4, as well as impaired effector cytokine production, such as IL-2, TNFα, IFNγ. Interestingly, this impairment of cytokine production would correlate with high levels of NR2F6 expression, as IL-2, TNFα and IFNγ are direct target genes of NR2F6-dependent transcriptional repression 23 . Along this line of argumentation, a positive correlation between NR2F6 expression and cancer has been reported; studies have identified NR2F6 to be upregulated in human ovarian cancer, colon cancer and lymphoma [32] [33] [34] [35] [36] [37] [38] . However, it is not possible from these published data to determine whether the origin of NR2F6 expression is the malignant or the immune cell. Notably, in the tumor-infiltrating T cells of 54% of lung cancer patients, NR2F6 upregulation has been observed within the TME. This suggests that targeting the immune checkpoint NR2F6 in those According to all our preclinical data, high NR2F6 expression is likely to critically contribute to the immune-suppressed state of tumor antigen-specific TILs, thus limiting the host's anti-tumor immune response. Absence of NR2F6, either through genetic ablation in Nr2f6 knockout mice or by the means of siRNA knockdowns, increases the immune system's ability to mount effective immune responses, resulting in striking anti-tumor effects in different advanced mouse models relevant to human cancer.
This preclinical proof of concept study on the Nr2f6 gene depletion-mediated immune augmentation is envisioned as a way forward to extend the benefits of clinical immuno-oncology therapies to a larger number of cancer patients. The unique feature of lymphatic NR2F6 as an alternative immune checkpoint may influence cancer therapy in the future, both in terms of targeting cancer pathways using small molecule inhibitors, and individualized adoptive therapy of NR2F6 gene-modified human T cells, a hypothesis that now requires further validation.
Methods
Mice. Nr2f6-deficient mice 39 back-crossed eight times on C57BL/6 background were used. Mice were maintained under SPF conditions. All animal experiments were performed in accordance with national and European guidelines and reviewed and authorized by the committee on animal experiments (BMWFW-66.011/0064-WF/V/3b/2016). Investigations were strictly gender-stratified and not blinded. MCA carcinogenesis model. Groups of female wild-type and Nr2f6 −/− mice were inoculated s.c. in the hind leg with 200 mg of 3-MCA (Sigma-Aldrich) in 0.1 ml of corn oil as described 41 . Mice were then monitored weekly for fibrosarcoma development over 300 days and recorded as percentage of tumor-free mice. 3-MCA tumor-induced cell lines. Sarcomas that had reached a size of 0.5 cm 2 were excised aseptically. Tumors were cut into small pieces and treated with 1 mg/ ml collagenase (type II; Sigma-Aldrich) and 40 µg/ml DNase I at 37°C for 1 h, clumps were removed, and single cells were cultured in RPMI 1640 complete medium (10% FCS, 2 mM L-glutamine, and 50 U/ml penicillin/streptomycin). The cells were split with Trypsin/EDTA (T3924 Sigma) when they were confluent. All tumor cell lines were kept in culture for at least 2 months to minimize cellular contamination. Some sarcoma lines were injected s.c. into wild-type or Nr2f6-deficient mice as indicated.
Preparation of tumor-infiltrating cells. Mononuclear infiltrating cells were isolated from both subcutaneous and chemically induced tumors at the indicated time points. Briefly, tumor tissues from sacrificed mice were prepared by mechanical disruption followed by digestion for 45 min with collagenase D (2.5 mg/ml; Roche, 11088858001) and DNase I (1 mg/ml; Roche, 11284932001) at 37°C. Digested tissues were incubated 5 min at 37°C with EDTA (0.5 M) to prevent DC/T-cell aggregates and mashed through a 100-µm filter and a 40-µm filter. Cells were washed, and resuspended in either PBS+ 2% FCS or RPMI complete medium (10% FCS, 2 mM L-glutamine, and 50 U/ml penicillin/streptomycin) and used for subsequent experiments.
Flow cytometry. Splenocytes were depleted of erythrocytes using the mouse erythrocyte lysing kit (R&D, WL2000) and, like lymph node cells, mashed through a 100-µm filter. siRNA Nr2f6 inhibition in vitro. Isolated mouse or human T cells as described above were used for transfection by the established method, namely siRNAs employing Lonza ® Nucleofection Technology using the human T-cell nucleofector kit from Amaxa (Lonza, VPA-1002). Transfected mouse T cells were incubated in complete RPMI medium supplemented with 2.5 ng/ml IL-7 (RnD, 407-ML), 2 ng/ ml IL-2 (eBiosciences, 14-8021-64) and 50 ng/ml IL-15 (Biolegend, 566302) for 48 h before further restimulation. The used siRNA sequences for mouse: siRNA J-054088-11, Nr2f6, GCAUCGACAACGUGUGCGA, and human: siRNA J-003423-06 NR2F6, CGGCAAGCAUUACGGUGUC (both from ThermoScientific).
siRNA Nr2f6 inhibition and adoptive cell transfer. 5×10 5 MC38 tumor cells were injected s.c. into C57BL/6 wild-type recipients. Two adoptive cell transfers (ACT) of control or Nr2f6 siRNA transfected CD3 + T cells into wild-type mice was performed 3 and 10 days after tumor induction by injecting 1×10 7 sorted CD3 + T cells using the Pan T Cell Isolation Kit II mouse (Miltenyi Biotech 130-095-130) via intra-peritoneal injection. Ab treatment with 0.25 mg anti-mouse PD-L1 (Clone10F.9G2; BE0101) was administered i.p. on d3, d6, d10, d14, d17 and d21.Tumor growth was subsequently measured as described above.
Immunohistochemistry. Protein expression in paraffin-embedded NSCLC tissue was assessed on TMA from a cohort provided by the University Hospital Basel containing 405 samples of NSCLC patients from which 303 samples were evaluable 42, 43 . For TMA construction, formalin-fixed paraffin-embedded tissues were cut in 4-µm-thick sections and mounted on slides. After staining with hematoxylin and eosin, relevant areas of NSCLC were determined and circled by a pathologist. Four representative cores of the circled regions measuring 0.6 mm in diameter from each formalin-fixed paraffin-embedded NSCLC tissue (donor blocks) were assembled into tissue microarray blocks (recipient blocks) using a semiautomatic tissue arrayer (Beecher Instruments, Sun Prairie, WI, USA). Immunohistochemical (IHC) staining was performed using the Ventana Discovery automated staining system (Ventana Medical System, Tuscon, AZ, USA). Slides were incubated at room temperature with the following primary antibodies: anti-NR2F6 rabbit polyclonal (1:100, ab137496, abcam, Cambridge, UK), anti-PD1 mouse monoclonal (1:100, ab52587, abcam, Cambridge, UK), anti-PD-L1 rabbit monoclonal (1:100, ab205921, abcam, Cambridge, UK), anti-CTLA-4 mouse monoclonal (1:100, sc376016, Santa Cruz Biotechnology, Santa Cruz, CA), anti-CD4 mouse monoclonal (1:50, 4B12, Leica Biosystems, Wetzlar, Germany) and anti-CD8 mouse monoclonal (1:40, SP57, Leica Biosystems, Wetzlar, Germany). Detection of the primary antibody was done with the ultraView Universal DAB detection kit (Ventana Medical System, Tuscon, AZ, USA). NR2F6-, PD1, CTLA-4, CD4-and CD8 expression in lymphocytes was assessed by two independent pathologists. NR2F6 and CTLA-4 in lymphocytes were categorized in positive or negative staining, and scored by numbers of positively stained TMA cores per patient (score 0−4). PD-1, CD4, and CD8 were scored by numbers of positivestained lymphocytes per core (score 0−4 with 1 = 1-25%, 2 = 26-50%, 3 = 51-75%, 4 = 76-100%). PD-L1 staining intensity in tumor cells ranged from 0 to 3 (0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = high staining), positive-stained cells were calculated as 0 = no positive cells, 1 = 1-25%, 2 = 26-50%, 3 = 51-75%, 4 = 76-100%. PD-L1 was scored by immunoreactive score (staining intensity × positive-stained cells).
Human whole blood samples. Human T cells were obtained from human peripheral blood, which we get from the local blood bank. Informed consent from all subjects was obtained by the Central Institute for Blood Transfusion at the University Hospital Innsbruck. Mononuclear cells were isolated from human peripheral blood by density centrifugation using Ficoll Buffer (VWR, 17-5442-02). 45 to remove bases with bad quality scores. All reads shorter than 22 nucleotides were removed. The quality-trimmed reads were then mapped to the mm10 reference genome using a two-step alignment method; alignment with STAR 46 followed by alignment of the unmapped reads with Bowtie2. From the reads that mapped to multiple locations in the genome, only the primary alignment was retained. Gene-specific read counts were calculated using HTSeq-count. Differential expression analyses were performed using the R package DESeq2 47 . The p-values were adjusted for multiple testing based on false discovery rate (FDR) using the Benjamini−Hochberg approach. Analysis and visualization of Gene Ontology terms associated with differentially expressed genes was performed using ClueGO 48 . Both groups of genes (up and downregulated, p-value <0.05) were used as dual input for GO analysis. The biological terms are grouped together based on their shared genes where the similarity between terms is calculated using kappa statistics. The most significant term was chosen as a representative of the group (Benjamini−Hochberg correction). Gene set enrichment analysis (GSEA) 49 was used to identify immune cell types that are overrepresented in a phenotype. Genes were ranked based on the log2FoldChange and used as an input to preranked GSEA together with a collection of metagenes that correspond to distinct tumor-infiltrating leukocyte subtypes 50 .
Ex vivo T-cell analysis. CD8 + or CD4 + T cells were isolated using either the mouse CD8 or CD4 T Cell Isolation Kit II or the human CD8 or CD4 T Cell Isolation Kit (Miltenyi Biotec). CD8 + or CD4 + T cells were activated in complete RPMI medium in the presence of plate-bound 2C11 for mouse or Okt3 for human (αCD3, 5 μg/ml) and soluble mouse or human αCD28 (1 μg/ml). Naïve mouse CD4 + T cells were isolated using the CD4 + CD62L + T cell isolation kit II (Miltenyi). Polarization of these CD4 + T cells into Th17 cells was performed in complete IMDM medium supplemented with TGFβ (5 ng/ml), IL-6 (20 ng/ml), IL-23 (10 ng/ml), anti-IFNγ, and anti-IL-4 (2 μg/ml). Cells were harvested at the indicated time points.
Gene expression analysis. Total RNA was isolated using the RNeasy ® Mini Kit (Qiagen). First-strand cDNA synthesis was performed using oligo(dT) primers (Promega) with the Qiagen Omniscript RT kit, according to the instructions of the supplier and as described previously 22 . Expression analysis was performed using real-time PCR with an ABI PRIM 7000 or ABI PRIM 7500fast Sequence Detection System with TaqMan gene expression assays (Applied Biosystems); all mouse expression patterns were normalized to Gapdh; all human expression patterns were normalized to GAPDH or EEF1A2. irAE method. 1×10 4 MC38 (purchased from the ATCC) were injected subcutaneously (s.c.) into the left flank of 8-week-old female wild-type or Nr2f6 −/− mice. In vivo antibody blockade was utilized administering 0.25 mg of antimouse PD-L1 (Clone10F.9G2; BE0101) or corresponding IgG2b (LTF-2; BE0090) i.p. twice a week in the first month, and once a week in the following two months. Tumor growth was monitored one to three times a week by measuring tumor length and width. Weight was measured every 2 weeks and small blood samples were taken three times (beginning, middle and end of experiment) for whole blood count analysis using a Vet abc classic hematology system.
Western blotting. Cells were washed, and lysed in lysis buffer. Whole-cell extracts or nuclear extracts were electrophoresed on NuPAGE gels (Invitrogen) and transferred to PVDF membranes. Protein lysates were subjected to immunoblotting with antibodies against NR2F6 (FisherScientific Inc., USA: Proteintech 2H2B8, 60117-2, 1:1000), and Actin (Santa Cruz Biotechnology Inc., USA: sc-1615, 1:1000). The uncropped scans are shown in supplementary information ( Supplementary Fig. 7 ).
Extracellular acidification assay. CD3 + T cells were stimulated with anti-CD3/ anti-CD28 for 3 days in RPMI medium and maintained in a CO 2 -free incubator at 37°C for 3 h prior to measurement. Growth medium was removed and cells were washed with respiration buffer. 150 µl of respiration buffer containing pH probe was added. Reagents were preheated to measurement temperature prior to use. All plates were measured kinetically on a multilabel plate reader (PHERAstar, BMG Labtech) at 37°C for a minimum of 30 min in time-resolved fluorescence (TR-F) mode using a standard Europium filter set (340 ± 50 nm excitation and 615 ± 8.5 nm emission). Two TR-F intensity signals were measured at delay times of 100 and 300 µs and a measurement window of 30 µs. Using Microsoft Excel, these readings were converted to lifetime value s = (t1-t2)/ln(D1/D2), where s is lifetime, t is delay time, and D is intensity values. ECA was assessed as the rate of increase of probe signal (reflecting a decrease in [H +]). OA (Oxamic acid, 1 µM) was used as a negative control. The MitoXpress ® -pH Xtra™ Glycolysis Assay Kit from Luxcel (Cat No. PH-100) was used.
Statistics. Data were analyzed using Prism 5.03 software (GraphPad Software). Experiments were repeated at least two times with a minimum sample size (n) of three. Data are represented as indicated (either the mean ± SEM or ±SD) for all figure panels in which error bars are shown. Overall survival was expressed using the Kaplan−Meier method, and differences between groups were determined using the log-rank test. The p-values were assessed using two-tailed unpaired Student's ttest, or two-way ANOVA. A p value of <0.05 was considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001.
